Abstract-A particle interceptor trap designed to segregate "swimmers" from sinking particles collected by the trap is described, and an evaluation of its effectiveness is presented. The trap was deployed at two coastal and two open-ocean sites. Most swimmers were effectively segregated from the sinking particles in the coastal environments (> 70% exclusion efficiency for all copepods), but segregation was weak at an open-ocean site (37-72% efficiency for copepods). In general, the larger and more mobile the swimmers, the more effectively were they directed into the swimmer collection chamber. Carbon and nitrogen flux estimates from the swimmer-segregating trap and more conventional trap designs showed little difference. The trap, when effective in segregating swimmers, can be used for resolving the release of dissolved compounds by the sinking material and by the swimmers. This feature of the trap was tested in Monterey Bay, where inclusion of dissolved organic C in the total organic C material collected increased that value by 7%, while inclusion of dissolved organic N and ammonium increased the estimate for nitrogen collected by 17%.
duction, is equivalent to new production when the system under study is in steady state (Eppley and Peterson 1979) . Observations of the magnitudes and the balance of new and export production are fundamental for understanding the functioning of any marine system.
Most often, export production is discussed in terms of the flux of particulate organic material from the euphotic zone, a value commonly estimated by means of particle interceptor traps. The material collected in the trap is analyzed for organic C and N, and the flux is calculated. The process of determining flux is often not as simple as measuring the mass of collected material, however. The presence of swimming organisms in the trap ("swimmers") may have serious consequences for the particulate flux estimate (Knauer et al. 1979 ; Lee et al. 1988; Karl and Knauer 1989) including overestimation due to "cryptic" swimmers (Michaels et al. 1990) or fecal pellets from trapped swimmers. Alternatively, flux may be underestimated if the deployment is long relative to the time needed by the swimmers to consume some significant portion of the trapcollected material. The problems of fecal pellet production and consumption of trap material are reduced by using traps with fixatives.
Another potential artifact is the dissolution of trapped particles. Should a portion of the accumulated particulate C and N be released to the trap solution, it would represent an underestimate of the export term. Some investigators have tried to correct their export estimates by measuring either the accumulation of dissolved products or the loss of particulate matter. Knauer et al. (1990) found that particulate nitrogen flux was underestimated by a factor of 2.23 because of the solubilization of nitrogen from the collected particles. Lorenzen et al. (1983) reported that 30% of the particulate C collected in traps deployed in the upper 1,000 m near Hawaii disappeared after a 5 d incubation, but they did not resolve the mechanism of loss. Dymond and Collier (1989) evaluated a small set of samples from moored traps and found that at 700 m, 39-68% of the Notes + 7.5 cm+ -Baftles (7.5 cm length; l-cm I.D.)
23'cm / -Inner Chamber l-11.5 cm -I Fig. 1 . Diagram of the prototype swimmer-segregating trap. Sinking particles fall into the particle collection chamber after focusing their path through the three funnels. The swimmers are deflected by the two segregation plates through the swimmer exit holes and into the swimmer collection chamber. The inner chamber comprises all volumes of the trap other than the particle and swimmer collection chambers. The drain holes are plugged with threaded nylon bolts.
total C flux could be accounted for as DOC in the cup solution.
One difficulty in determining the significance of organic matter dissolution in causing underestimates of particle flux is the presence of swimmers in the traps. Whether swimmers contribute a contaminating signal to a trap sample depends on the signal being measured (e.g. trace metals vs. dissolved organics), how the swimmers are handled (killed in situ, picked off after retrieval, etc.), and how large the swimmer contribution is relative to the particle contribution. Live zooplankton are known to release dissolved compounds (Dagg 1976; Copping and Lorenzen 1980) and zooplankton exposed to the brine often used in conventional sediment traps could be especially important sources of dissolved organics to trap solutions (Peterson and Dam 1990) . Therefore, a realistic in situ measurement of the net release of dissolved organic matter from trapcollected particles can be made only in the absence of swimmers.
In recognition of the potential swimmer bias on estimations of particle flux, two new trap designs are intended to reduce the accumulation of swimmers with the collection of the sinking particles. Coale's (1990) "labyrinth of doom" trap capitalized on an essential difference between swimmers and sinking particles: the mobility of swimmers is not limited directionally, while particles such as fecal pellets, removed from advective and turbulent fields, only move downward. Peterson et al. (1993) designed a microprocessor-controlled internal rotating sphere that fits inside their traps. Surface indentations on the sphere allow sinking material but not actively swimming animals to be deposited into the collection chamber .below.
In this note, we present a swimmer-segregating trap (SST) designed to measure the release of dissolved compounds from collected particles. We tested the SST at two coastal and two open-ocean sites for effectiveness at segregation of swimmers from sinking particles, comparability with conventional trap designs for estimating particle flux, and applicability to resolving the release of C and N from particles collected by the trap.
The SST is based on the labyrinth of doom trap of Coale (1990) , but it is specifically designed to separate swimmers and particles into semiclosed, small-volume compartments. The design results in a minimum of diffusional exchange of the dissolved products between chambers, maximizes the change in concentration of the released compounds, and reduces escape of the swimmers (Fig. 1) . The trap can be constructed of numerous machinable materials, but we chose Plexiglas and polycarbonate for various versions of the trap (the latter material is less likely to fracture with handling). Salient features include the use of segregation plates to separate swimmers from sinking particles (Figs. 1,2 ) and a chamber (the swimmer collection chamber) to accumulate swimmers (Fig. 1) . The uppermost funnel narrows the downward moving stream of particles and swimmers to a point -2.5 cm above the center of the first segregation plate where, upon Sinking particles pass downward through the centrally located particle passageway. Swimmers may be intercepted by the swimmer-scavenging surfaces and deflected through the exit holes into the swimmer collection chamber.
exiting the upper funnel, the swimmers can disperse into the volume bounded, below, by the first segregation plate, and, above, by the upper funnel. The sinking particles continue downward through the center hole of the segregation plate. Particles that pass through the second segregation plate are directed by the lower funnel to the particle collection chamber. This chamber is fully enclosed except at its union with the lower funnel. The small opening to the collection chamber minimizes diffusional exchange between the particle collection chamber and the overlying inner chamber.
As the swimmers that are dispersed above each segregation plate move downward randomly, they can pass through the center hole of each plate, following the path of the passively sinking particles, or they can be funneled away from the central hole, through exit holes in the wall of the inner cylinder, and into the swimmer collection chamber. The exiting surface area of each plate (that surface area directing the swimmers to the exit holes in the inner chamber wall open to the swimmer collection chamber) is 21 cm2, while the surface area of the central hole (directing the swimmers along the path of the sinking particles) is 10.7 cm2. Hence, the swimmers have a 33% chance of following the particles should their movement be random. After entering the swimmer collection chamber, the swimmers are likely to remain because the exit holes through which they passed represent ~5% of the surface area of the swimmer collection chamber. Swimmers that follow the path of the particles through the first segregation plate have another chance for removal to the swimmer collection chamber at the second segregation plate. At each plate, downward-moving swimmers (in an idealized situation) have a 67% chance of being intercepted by that portion of the plate that will direct them into the swimmer collection chamber. In practice, though, visual observations of crab zoea and copepods suggest that the swimmers passing through the first segregation plate have a high probability of also passing through the second plate and into the particle collection chamber. Organisms that move directly from the exit of the upper funnel to the center passage way of the first plate tend to continue downward with little deflection.
Because trap performance could vary among environments with different physical and biological attributes, we evaluated the trap at four locations. Dabob Bay (47"N, 123"W) is a temperate, Gordlike embayment of Puget Sound, Washington. This bay is a highly productive environment with a net zooplankton community dominated by Calanoid copepods. Water depth is 110 m and the current speeds at 60 m, the depth of trap deployment, are low (< 5 cm s-l). We deployed the trap in March 199 1 during a spring bloom (primary production, 1,500-2,500 mg C mV2 d-l). Monterey Bay/California Current (36"N, 122"W) is a coastal site in the eastern boundary current off California. Deployments were in April and May 199 1 during seasonal upwelling and high primary production periods (1,800-2,000 mg C m-2 d-l) and in August 199 1 during moderate production (1,000 mg C m-2 d-l). Current speed past the array in August varied from 0 to 14 cm s-l. Dominant zooplankton varied but included Calanoid copepods, pteropods, pheodarian radiolarians, and gelatinous zooplankton. The equatorial Pacific Ocean (2"N, 14O"W) is an open-ocean upwelling environment. Deployment took place in February during the 1992 El Nifio. Primary production was 750 mg C m-2 d-l (R. Barber unpubl. data), and zooplankton biomass was dominated by organisms ranging from 200 to 1,000 pm (M. Roman pers. comm.). Exclusion efficiency was not determined at this site. The Sargasso Sea [32"N, 64"E (site of the U.S. JGOFS Bermuda Atlantic Time-series Study)] is an oligotrophic open-ocean environment with a water-column depth of 4,600 m. At the time of sampling (October-November 1992), primary productivity was relatively low (350-400 mg C m-2 d-l), and current speeds were -20 cm s-l. Swimmers in the traps were dominated by 200-1 ,000~pm copepods.
The SSTs were deployed along with one or two conventional traps on the same array to compare the particulate flux measurements by the various traps. These conventional traps are here referred to as MT (Multi-traps, aspect ratio = 8 : 1, open-ended cylinders; Knauer et al. 1979 ) and WT (Welschmeyer-style traps, aspect ratio = 5 : 1, open-ended cylinders with closing mechanisms; Welschmeyer 1982). All traps were fastened to frames that were then bolted to a wire at the desired depths. The weighted wire was held taut by subsurface flotation and was attached to numerous smaller floats -2 m apart to attenuate the wave energy. Trap arrays were free-drifting at all sites except Dabob Bay, where they were moored to the seabed. The SSTs were deployed filled with seawater that had been filtered (GF/F) and amended with NaCl to increase the salinity by 2-3%0. The amendment increased the solution density, thereby reducing displacement of the trap solution in the particle and swimmer collection chambers by ambient seawater. Upon recovery, trap solutions from the MTs and WTs were homogenized, and 125-350-ml portions were passed through precombusted (450°C) GF/F filters. The filters were examined under a dissecting scope, and swimmers were counted and removed with microforceps.
After recovery of the SST, each chamber was drained and gently homogenized, and some portion of its contents was filtered for POC and PON with an acid-cleaned glass filtration rig. After the August 199 1 Monterey Bay deployment, the filtrate from each chamber was analyzed for dissolved organic C (DOC), total dissolved N (TDN), nitrate, and ammonium. In all cases, the filters were picked for swimmers as described above, dried overnight, acidified, and analyzed for C and N on a Leeman Labs 440 elemental analyzer with acetanilide as a standard. A shortcoming of the prototype trap (Fig. 1) was that when we drained the inner chamber, a large fraction of the swimmer collection chamber was also drained because there was no sealing mechanism between the chambers (this problem has been overcome in a later design described in Fig. 3 ). The swimmer collection chamber, however, was not fully drained (155 ml remained) when the inner chamber was drained, and swimmers were generally found in this residual water. It was this residual water that was filtered for POC and PON and the analyzed for dissolved components. Because a large fraction of the swimmer collection chamber water was included in the inner chamber water, the actual concentrations of dissolved compounds in the inner chamber were calculated after correction for the volume taken from the swimmer collection chamber and the concentrations of dissolved constituents found there.
Traps deployed in the Sargasso Sea for determining swimmer identity and enumeration were treated differently than those traps deployed for determining particle flux. Following recovery of the conventional traps to be counted for swimmers, trap solutions were transferred to bottles and fixed with Formalin. Samples were left to settle, then the water was siphoned off the surface until -50 ml remained. These samples were placed in Petri dishes, where particles (i.e. marine snow, fecal pellets, zooplankton, and phytoplankton) were counted under a dissecting scope. For the SSTs, Table 1 . Efficiency with which swimmers were excluded from the particle collection chamber, by organism type. When an organism type was not present following a deployment, the deployment is not listed. Deployments DB-1 and DB-2 were in Dabob Bay, MB-l and MB-2 in Monterey Bay, SS-1 and SS-2 in the Sargasso Sea. PC-particle collection chamber; IC-inner central chamber; SC-swimmer collection chamber. Exclusion efficiency is the percentage of swimmers found in the trap that were not located in the particle collection chamber. During deployments DB-1, DB-2, and MB-1, the numbers of animals in the inner and swimmer chambers were counted collectively; during deployment MB-2, no distinction was made between large and small (micro) copepods. Each SS deployment was performed with duplicate traps (individual data shown). All other deployments were single traps. each chamber was treated similarly. For flux determinations (separate deployments), the trap contents were filtered onto preweighed 0.8-pm Nuclepore filters, and the swimmers were removed under a dissecting scope. The mass of the remaining particulate matter was determined, and a portion of that material was transferred to a precombusted GF/F filter for analysis on a CEC model 240XA elemental analyzer. This is the standard procedure used in the U.S. JGOFS Bermuda Atlantic Timeseries Study (Knap et al. 1993) .
Samples for DOC and TDN analysis were ampoulated and frozen. Concentrations were determined by high temperature combustion according to Hansel1 (1993) and Hansel1 et al. (1993) . Samples for nutrient determinations were frozen for storage and then analyzed by autoanalysis with a modified Alpkem series 300 rapid flow analyzer according to Sakamoto et al. (1990) .
The efficiency of the SST in preventing swimmers from entering the particle collection chamber along with the sinking particles (the exclusion efficiency) was tested in Dabob Bay, Monterey Bay, and the Sargasso Sea (Table 1) . In general, the larger and more mobile the swimmers, the more effectively the segregation plates directed them into the swimmer collection chamber. In coastal deployments, the larger copepods (3-5 mm; e.g. Calanus sp., Metridia sp.) were kept from the particle collection chamber with ~80% efficiency, while the large but few (no more than four organisms per trap) crab zoea and amphipods (Cyphocaris sp.) were fully deflected from the path of the particles (100% efficiency). The maximum number of large copepods found in the particle collection chamber was 2, whereas conventional traps of the WT design, deployed on the same trap-frames, had 13 and 21 (replicate trap deployment) large copepods mixed with the particles. A larger percentage (26-30%) of the small copepods (x2 mm; e.g. Corycaeus sp., Pseudocalanus sp.) entered the particle collection chamber with the sinking particles. The poorest exclusion efficiency in coastal water was in Monterey Bay in the presence of shelled pteropods. Seventeen pteropods (N 5-mm diam) accumulated in the collection chamber for an exclusion efficiency of 68%. No pteropods were in the swimmer collection chamber, indicating that these animals did not move horizontally once they were in the trap.
Several types of organisms were found in the traps following trap deployment in the Sargasso Sea, but copepods were the most abundant (Table 1) . There was no consistency in the effectiveness of the traps against the copepods, with segregation efficiency ranging from 37 to 72%, or with any of the other groups represented. In general, the exclusion efficiency of the SST was poor.
Estimates for both C and N fluxes measured in the various traps are in good agreement (Table 2). In coastal deployments, the SST estimates exceeded those of conventional traps by l-l 6%. In oceanic deployments, where fluxes were comparatively lower, differences were generally < lo%, except for the 45% overestimate by the single SST deployed at 125 m during EP-1. At the same site but at different depths, the difference ranged from 0 to 4%. There is no a priori reason to expect the trapping behavior of he SST to be significantly different than that of conventional traps because trap differences exist only in the aspect ratios.
On a single deployment in Monterey Bay, we evaluated the design of the SST for effectiveness in establishing the release of dissolved moieties from the collected particles and swimmers. The first four columns of Table 3 show data on the measured changes in concentrations of DOC and the relevant nitrogen species. The increase in DON (ADON) is calculated from the measured values. In the last two columns of Table 3 , the mass of carbon and nitrogen released to solution (RDOC and RDN, the latter including ammonium and DON) is compared to the mass of the TOC and TON in each of the chambers. The mass of trap-collected material, as estimated by particulate organic material found in the particle collection chamber, was underestimated by 7% due to the release of carbon as DOC and by 17% due to the release of nitrogen as DON and ammonium. The particle collection chamber solution had not been poisoned, so we are not sure of the degree to which DOC may have been mineralized by bacteria once it was released into solution, thereby remaining unmeasured. Therefore, we refer to the release of dissolved organic species as net release. Additional experiments are needed to discern the magnitude of the difference between gross and net release rates. The particulate matter in the swimmer collection chamber, by design of the trap, was comprised of swimming organisms. Swimmers played a larger mass-specific role in the release of dissolved compounds, releasing to solution 24 and 22% of the C and N they carried into the chamber. Had the swimmers and particles been mixed together, the contribution of the two groups could not have been resolved. Concentration changes in the inner chamber do not readily lend themselves to interpretation because both particles and swimmers had passed through that chamber. Another difficulty is the significant flushing of that chamber when there is water movement across the mouth of the trap. There was a 14.7 PM decrease in the nitrate concentration of the inner chamber (a 38% change) due to flushing (Table  3) . Very little dilution of the nitrate concentration or, we infer, the solution in the particle collection chamber was evident, confirming the minimal diffusive exchange between that chamber and the inner chamber. This feature was included in the SST so that unambiguous interpretation of the particle collection chamber data could be made, and it precludes the need for adding brine to the particle collection chamber. Typically, brine is added to the standard traps to prevent washout. We tested the effect of brine on the release of dissolved species (data not shown) and found that lo-fold more DOC, ammonium, and DON was released in the presence of brine than in brinefree solution. This result was expected given hemiation of zooplankton in the presence of brine (Peterson and Dam 1990) .
The SST was not evaluated for compatibility with preservatives or poisons because one of our goals was to evaluate the fate of live swimmers. It is likely that preservatives and poisons can be used successfully in the SST, however. Lee et al. (1992) reported effective concentrations for chloroform, formaldehyde, and HgC12 to be 50%, 37 mM, and 180 PM. A problem during long deployments with standard traps is dilution of the treatments to less effective concentrations, as is likely to occur in response to the normal flushing of the trap solution. The particle collection chamber of the SST could be dosed to the recommended concentrations and it would likely remain effectively undiluted, as evidenced by the small change in its nitrate concentration over the course of deployment (Table 3) . Lee et al. (1992) also found that when the more effective treatments were used, the weight of swimmers collected in the sediment traps was higher because of their death from contact with the poison. Our concern with the use of a poison in the SST is that the poison may diffuse from the particle collection chamber up to the region of the segregation plates, thereby reducing the effectiveness of the plates should concentrations of the poison reach lethal levels. This concern may be unfounded, again be-cause there was little diffusional exchange between the particle collection chamber and the inner chamber.
There are significant benefits to the trap design presented here. First, particles retained in the collection chamber include a reduced number of active swimmers; therefore, the release of DOM and ammonium from particles and swimmers can be resolved. Second, flushing of trap solution is reduced, so brine is not a necessary additive; in fact, its use is discouraged if the experimental goal is to determine release of dissolved matter to the trap solution.
The effectiveness of the SST in segregating swimmers from sinking particles was high in coastal waters. This result may be due to the swimming behavior of the zooplankton species found in the environments we tested. The vertical flux of material as determined by the SST was comparable to estimates by conventional traps, suggesting that in coastal waters, swimmers did not impact the estimate of flux in the conventional traps. The applicability of the SST in resolving the release of dissolved C and N from particles in the trap was quite good in coastal areas. In open-ocean environments, design modification is required before the trap's use can be recommended.
